To clarify the upstream regulatory mechanism of mitogen-activated protein kinase (MAPK), we performed the reverse transcriptase-based polymerase chain reaction (RT ± PCR) with degenerate primers synthesized based on sequences conserved among the kinase domains of yeast MAPK kinase kinases (MAPKKKs), Ste11, Bck1, and Byr2. We isolated several mammalian cDNA fragments that encode kinase subdomains sharing signi®cant sequence homology with yeast MAPKKKs. Subsequent screening of a HeLa cell cDNA library using one of these cDNA fragments as a probe resulted in the isolation of a full-length cDNA that encodes a novel protein kinase. The catalytic domain sequence of this gene product is closely related to those of budding yeast Sps1 and Ste20 protein kinases. Thus, we call this protein YSK1 (Yeast Sps1/Ste20-related Kinase 1). The transcript of YSK1 was detected in a wide range of tissues and cells. Immunoprecipitated YSK1 shows protein kinase activity. Although YSK1 is signi®cantly similar in its kinase domain to kinases of the yeast and mammalian MAPK pathways, the overexpression of YSK1 did not lead to the activation of the ERK (extracellular signal-regulated kinase) pathway, JNK (c-Jun NH 2 -terminal kinase)/SAPK (stress-activated protein kinase) pathway, or p38/Mpk2 pathway. These results suggest that YSK1 may be involved in the regulation of a novel intracellular signaling pathway.
Introduction
The signi®cance of mitogen-activated protein kinase (MAPK) is now recognized as being wider than its original name implies, that is it mediates mitogenic signals from cell surface receptors (Davis, 1994) . Genetic analyses in yeast have made it possible to identify the components of the MAPK pathways, and to clarify the diversity of their functions and regulation (Herskowitz, 1995) . Mammalian cells have at least three MAPK pathway subtypes, the ERK (extracellular signal-regulated protein kinase) pathway, JNK (c-Jun NH 2 -terminal kinase)/SAPK (stressactivated protein kinase) pathway, and p38/Mpk2 pathway; together, these pathways mediate a wide variety of physiological responses (Davis, 1994; Derijard et al., 1994; Kyriakis et al., 1994; Han et al., 1994; Lee et al., 1994; Rouse et al., 1994) . MAPKs are activated by sequential protein phosphorylation reactions. The basic framework of the MAP kinase pathway, where MAPK is phosphorylated on Thr and Tyr residues and activated by MAPK kinase (MAPKK), after which MAPKK is itself phosphorylated and activated by MAPKK kinase (MAPKKK), is common from yeast to mammals (Nishida and Gotoh, 1993; Davis, 1994; Herskowitz, 1995; Marshall, 1994) .
A new kinase group activated by G-protein and thought to act as MAPKKK kinase (MAPKKKK) has been identi®ed in both yeast and mammals. In budding yeast, Ste20 is activated by the bg complex released from the heterotrimeric G protein complex upon pheromone receptor stimulation, and in turn activates Ste11 (a MAPKKK) (Leberer et al., 1992; Ramer and Davis, 1993) . Cla4, a recently identi®ed novel Ste20-like protein kinase, is required for bud site establishment and cytokinesis. Cla4 interacts with Cdc42, a small G-protein (or GTPase) localized at the bud site (Cvrckova et al., 1995) . In ®ssion yeast, Shk1 has been identi®ed as a Ste20 homologue (Marcus et al., 1995) . Shk1 forms a complex with Cdc42, and a functional interaction between Shk1, Cdc42, and Ras1 is required for normal cell morphology and mating. In mammals, PAK (now called a-PAK) has been identi®ed as a protein kinase activated by the Rho family of small Gproteins, Rac1 and Cdc42 (Manser et al., 1994) ; PAK also shows signi®cant sequence similarity to yeast Ste20. Recently it has been clari®ed that PAK comprises a protein kinase family composed of several PAK isoforms, hPAK65 (Martin et al., 1995) , mPAK-3 (Bagrodia et al., 1995) , b-PAK , and g-PAK (Teo et al., 1995) , all of which are able to interact with Cdc42 and Rac1. Rac1 and Cdc42 have been implicated not only in cell motility (Ridley et al., 1992; Kozma et al., 1995; Nobes and Hall, 1995) , but also in the preferential activation of the JNK/SAPK and p38/Mpk2 pathways rather than the ERK pathway (Coso et al., 1995; Minden et al., 1995; Olson et al., 1995) . This is in contrast to another small G-protein, Ras, which predominantly activates the ERK pathway through Raf activation (Minden et al., 1994) . Although a direct interaction between PAKs and components of the JNK/SAPK and p38/Mpk2 pathways has not yet been demonstrated, these observations raise the intriguing possibility that PAK or PAK-related proteins mediate the signals from Rac1 and Cdc42 to the JNK/SAPK and p38/Mpk2 path-ways, and, furthermore, that G-proteins dierentially regulate MAPK pathways to achieve various physiological responses.
In contrast to the above mentioned kinases, a group of Ste20-related kinases that lack the putative Cdc42/ Rac1-binding domain has been identi®ed in both yeast and mammals: Sps1, an upstream regulator of the MAPK pathway involved in spore formation in budding yeast (Friesen et al., 1994) ; GCK, characteristically expressed in the germinal center of lymphoid follicles (Katz et al., 1994) ; and MST1, whose activity is negatively regulated by phosphorylation is not involved in the regulation of any known mammalian MAPK pathways . Although the speci®c activation of the SAPK pathway by GCK has recently been reported (Pombo et al., 1995) , the upstream and downstream signaling pathways of this group of kinases remain to be clari®ed.
In this study, we isolated a novel protein kinase, YSK1, YSK1 is structurally and evolutionarily related to all Ste20-related kinases isolated up to now, but lacks the putative Cdc42/Rac1-binding domain. Although YSK1 shows signi®cant sequence similarity to Ste20-related kinases in the kinase domain, YSK1 does not activate any known MAPK pathways. We also isolated the YSK1-related kinases, YSK2, YSK3, and YSK4, although their full-length cDNAs have not yet been determined. The results suggest that YSK1 and the putative YSK1-related kinases comprise a new protein kinase family that may be involved in unidenti®ed intracellular signaling pathways.
Results

Isolation of cDNAs that encode putative novel protein kinases
In mammalian cells, Raf (Howe et al., 1992; Kyriakis et al., 1992; Dent et al., 1992) , Mos (Posada et al., 1993) , and MEKK (Lange-Carter et al., 1993) work as MAPK kinase kinases (MAPKKK). In contrast to yeast MAPKKKs (Ste11, Bck1, and Byr2), which share homology with one another, Raf, Mos, and MEKK are less structurally related to one another, and only MEKK shows homology in the kinase domain to Ste11. Therefore, we infer that mammalian cells have other unidenti®ed MAPKKKs to carry out various physiological functions, and we tried to isolate mammalian MAPKKK(s) based on amino acid sequences conserved among yeast MAPKKKs. An alignment of the kinase domains of the yeast MAPKKKs, Ste11, Bck1, and Byr2, led to the identi®cation of several highly conserved regions. We synthesized 10 degenerate oligonucleotide primers corresponding to these conserved regions. Nested RT ± PCRs were carried out with all possible combinations of these primers using mouse brain poly(A) + RNA as a template. The PCR products were fractionated on 1.5% agarose gels and recovered for sequence analysis. As shown in Table 1 , we isolated not only known protein kinases, such as c-raf, insulin receptor, galactosyltransferase-associated protein kinase, and glycogen synthase kinase-3, but also novel putative protein kinases (clones 403, 404, 424, 522A, 522B, 721, 724, and 734) .
DNA sequencing revealed that the nucleotide sequence of clone 403 overlaps with that of clone 404, encoding kinase subdomain I-XI and I-IX (Hanks, 1991) , respectively. Moreover, the predicted amino acid sequences encoded by these cDNA clones showed more than 40% identity to those of yeast MAPKKKs Ste11, Byr2, and Bck1. We then screened a mouse brain cDNA library and isolated several positive clones, but all these clones seemed to lack the translation initiation codon. However, among these clones we found a cDNA fragment (16L) that encoded a putative protein kinase that diered from the gene product of clone 403. Subsequent screening of a rat 3Y1 cell cDNA library using 16L as a probe led us to isolate a full length cDNA encoding rat PAK (Manser et al., 1994, see Discussion) .
We next screened 5 610 5 independent phages from a HeLa cell cDNA library using the longer cDNA fragment from clone 403 as a hybridization probe. As a result, we isolated 7 positive cDNA clones (403 ± 1, ± 7, ± 11, ± 12, ± 13, ± 18, and ± 19). The sequences of the overlapping portions of these clones were completely identical, indicating that all these clones originated from a single mRNA. Clone 403 ± 13 contained 2063 nucleotides, giving it the longest open reading frame of all cDNA clones isolated. The putative initiation codon of clone 403 ± 13 (nucleotides 1 ± 3 in Figure 1 ) was preceded by an in-frame (Hirai et al., 1996) Figure 1 Nucleotide and deduced amino acid sequence of the YSK1 cDNA. The ®rst nucleotide of the predicted initiation codon is numbered 1. Amino acid numbers are shown to the right. The nucleotide sequence encoded by clone 403, the PCR product generated with primers 1F and 7R, is boxed. The closed circles and asterisk indicate ATP binding sites and the stop codon, respectively. An in-frame stop codon in the 5' untranslated region is underlined. A polyadenylation signal in the 3' untranslated region is in bold type stop codon and the sequence around the initiation codon shows a good ®t to Kozak's criteria for the translation initiation site (Kozak, 1987) . Thus, clone 403 ± 13 encodes a protein comprising 426 amino acids with a calculated molecular mass of 48 057. Hereafter we refer to the clone 403 ± 13 gene product as YSK1 (Yeast Sps1/Ste20-related Kinase) on the basis of results described below.
YSK1 is homologous to STE20-related kinases
A homology search using the Smith-Waterman algorithm (Smith and Waterman, 1981) on the MPsearch network service program revealed that YSK1 shows signi®cant sequence identify to the kinase domains of the Ste20-related kinases (Table 2) MST1 (57% identity), a human protein kinase homologous to Ste20, possibly negatively regulated by phosphorylation ; Sps1 (53% identity), an upstream kinase of the budding yeast MAPK pathway that is involved in spore wall formation (Friesen et al., 1994; Krisak et al., 1994) ; GCK (52% identity), which is characteristically expressed in the germinal center of the lymphoid follicles and is involved in the regulation of the JNK/ SAPK pathway (Katz et al., 1994; Pombo et al., 1995) ; Ste20 (46% identity), which is activated upon stimulation of the heterotrimeric G-protein-coupled pheromone receptor and leads to the activation of the Fus3/Kss1 subgroup of yeast MAPKs (Leberer et al., 1992) ; PAK (44% identity), which is the ®rst identi®ed mammalian relative of Ste20 and activated by the binding of the ras-related small G-proteins Rac1 and Cdc42 (Manser et al., 1994) ; Cla4 (44% identity), which is involved in budding and cytokinesis in yeast, and interacts with Cdc42 (Cvrckova et al., 1995;  and Shk1 (41% identity), a Ste20 homologue of ®ssion yeast, whose interaction with Cdc42 is required for normal cell morphology and mating (Marcus et al., 1995) (Figure 2b ). In particular, the overall structures of YSK1, MST1, Sps1, and GCK are very similar. Their kinase domains are located in the NH 2 -terminal regions preceded by 21 ± 36 residues ( Figure 2a ). Moreover, these kinases lack the putative Cdc42/ Rac1-binding domain found in Ste20, PAK, Cla4, and Shk1. We also found a unique sequence shared by kinase domains II and III in YSK1 and Sps1 that is rich in acidic residues (acidic box). This acidic residue cluster is also found just upstream of the PSTAIR motif, which characterizes kinases of the cdc2 family. This region in cAMP-dependent protein kinase is exposed as a loop over the ATP binding core and faces the substrate peptide as revealed by the crystal structure. The pleckstrin homology (PH) domain found in Cla4 was not detected in YSK1. A hypothetical protein kinase (PIR accession number S48944) on Saccharomyces cerevisiae chromosome VIII, whose function is unknown, also shows 53% sequence identity to YSK1. Moreover, in addition to above protein kinases, YSK1 shows approximately 40% amino acid identity to previously identi®ed MAPKKKs (NPK1, Ste11, Bck1, Byr2, and MEKK), and MAPKKs (Ste7, Mkk1, Pbs2, Byr1, Wis1, MEK1, SEK1/MKK4, and MKK3) (data not shown). YSK1 also shows 40% identity to Cdc15, a yeast protein kinase required for termination of M phase of the cell cycle (Schweitzer and Philippsen, 1991) ; and ninaC, a photoreceptor cell-speci®c protein kinase in Drosophila (Montell and Rubin, 1988) . Cdc15 also contains the acidic box between subdomains II and III.
A phylogenetic tree was created to examine the evolutionary relationship among YSK1, Ste20-related kinases, MAPKKKs, and MAPKKs. The dendrogram in Figure 3 shows that YSK1 and STE20-related kinases (Ste20, Sps1, Cla4, Shk1, PAK, MST1, and GCK) comprise a branch separate from branches of known MAPKKKs and MAPKKs. Moreover, Ste20-related kinases are evolutionary divided into two subfamilies: the Sps1 subfamily (Sps1, YSK1, MST1, and GCK) and the Ste20 subfamily (Ste20, PAK, Cla4, and Shk1). Interestingly, the members of the Sps1 subfamily, whose catalytic domains are located in the NH 2 -terminal region, lack the putative Cdc42/Rac1-binding domain. In contrast, members of the Ste20 subfamily have long NH 2 -terminal regulatory domains that contain the putative Cdc42/Rac1-binding domain, and COOHterminal catalytic domains. This dendrogram suggests that YSK1 and its most closely related kinases, MST1, GCK, and Sps1, form a new protein kinase family.
The mRNA for YSK1 is widely expressed
We examined the tissue distribution of YSK1 by Northern blot analysis performed in various mouse tissues and cell lines using the mouse cDNA fragment from clone 403 as a probe. As shown in Figure 4 , the mRNA for YSK1 is ubiquitously expressed in all tissues and cell lines examined, although it is most highly expressed in the brain and testis. The size of the major transcript is 2.2 kb, which is nearly the same length as the YSK1-cDNA, suggesting the YSK1-cDNA we isolated covers almost the full length of the mRNA. A single upper band (3.9 kb) was also detected, which may represent an mRNA for an YSK1-related gene that cross hybridized to the probe.
YSK1 is a protein kinase
We next examined whether YSK1 has a kinase activity. The polyclonal antibody against the COOH-terminal 18 residues of YSK1 detected a 55 kDa band in the lysates of COS1 cells transfected with an expression plasmid containing the total protein-coding sequence of (residues 26 ± 270), MST1 (residues 36 ± 281), Sps1 (residues 24 ± 272), GCK (residues 21 ± 272), PAK (residues 275 ± 520), Ste20 (residues 626 ± 871), Shk1 (residues 274 ± 519) and Cla4 (residues 552 ± 825) were aligned using GeneWorks (Intel-Genetics, Inc.) and maximized by eye. Residues identical to those of YSK1 are shaded. The`acidic box' in YSK1 and Sps1 is boxed. Dashes in the sequences indicate gaps introduced to optimize the alignment. Roman numerals represent the 12 kinase subdomains. (c ± f) Partial sequences of YSK2, YSK3, YSK4, and YRK. The`acidic box' in YSK2 is boxed YSK1 (Lane 4, Figure 5a ). This band was not detected in the lysates of COS1 cells transfected with control plasmid (Lane 2, Figure 5a ), indicating that the 55 kDa protein represents YSK1. The apparent molecular mass of the YSK1 protein on SDS-polyacrylamide gel electrophoresis was larger than the predicted molecular weight of 48 057, suggesting that YSK1 undergoes post-translational modi®cation in cells. We tested the autophosphorylation activity of the YSK1 protein as shown in Figure 5b . The 55 kDa protein was speci®cally immunoprecipitated by the YSK1-speci®c antibody in lysates of YSK1-cDNA transfected COS1 cells, and autophosphorylated in the presence of [g-32 P]ATP. We also constructed a T7 epitope tagged-YSK1 plasmid. In similar experiments, tagged-YSK1 immunoprecipitated by the anti-T7 tag antibody was detected as a 65 kDa protein (Lane 6, Figure 5a ). The 65 kDa protein was able to phosphorylate both itself and an exogenous substrate, MBP (Lanes 3 and 4, Figure 5c ). These results clearly indicate that YSK1 is a protein kinase.
YSK1 does not activate the MAP kinase pathways
In order to examine whether YSK1 is mapped in any of the known MAP kinase pathways, we tested the eect of the overexpression of YSK1 and monitored the activation of ERK, SAPK/JNK, and p38. As shown in Figure 6a , stimulation with EGF led to the activation of the MBP phosphorylation activity of the tagged-ERK (Lanes 3 and 4). As previously reported, the overexpression of c-raf potentiates the MBP phosphorylation activity of tagged-ERK1 (Lanes 5 and 6). In contrast, no potentiation of the kinase activity of tagged-ERK1 puri®ed from cells overexpressing YSK1 was observed with increasing amount of transfected DNA. A typical example is shown in Figure 6a and b, lanes 7 and 8. Figure 7a shows that the overexpression of MEKK1 in NIH3T3 cells results in the activation of tag-JNK1, as veri®ed by in-gel kinase assay, while the overexpression of YSK1 failed to activate tag-JNK1. Also, Figure 7b shows the treatment of cells with 0.7 M NaCl results in Figure 3 Phylogenetic tree of MAPK cascade-related kinases. A pairwise alignment of the kinase domains used in Table 2 and generation of the phylogenetic tree were done with the Clustal W program. The reliability of the tree was evaluated by a bootstrapping program with 10 000 trials. the activation of p38 MAP kinase, as veri®ed by its ability to phosphorylate GST-CREBP1, whereas the YSK1 overexpression showed no signi®cant eect.
Discussion
In the present study, we isolated cDNA clones encoding a novel protein kinase, YSK1, using carefully designed degenerate primers corresponding to several conserved regions in the kinase domains of yeast MAPKKKs. Although the catalytic domain of YSK1 shows approximately 40% sequence identity to yeast MAPKKKs, YSK1 is in fact more similar to Ste20-related kinases. The amino acid residues in Ste11, Byr2, and Bck1, used to design primers 1F and 7R from which YSK1 was originally isolated, are also well-conserved in YSK1. This probably allowed the isolation of YSK1 by our procedures. Recently, MEKK (Lange-Carter et al., 1993) MKK3, MKK4 (Derijard et al., 1995) , and JNK1 , have also been successfully isolated by similar strategies, despite the great evolutionary distance between yeast and mammals. PCR-based cloning using degenerate primers is thus useful for clarifying the diversity of the MAPK pathway. The kinase domain of YSK1 is structurally most similar to Ste20-related kinases (Ste20, Sps1, Cla4, Shk1, a-PAK, GCK, and MST1). The fact that a partial a-PAK-cDNA was isolated from a mouse brain cDNA library in the process of screening for the entire sequence encoding YSK1 is consistent with the notion that YSK1 and a-PAK are closely related to one another. In addition to YSK1, we isolated cDNA clones encoding YSK2, YSK3, and YSK4. YSK2 and YSK3 are most closely related to YSK1 in the up-todate database, showing 44% and 52% identity within the cloned regions, respectively (Figure 2c and d) . YSK2 shows 40.2%, 41.8%, and 40.6% sequence identity to Sps1, PAK and Ste20, respectively. The acidic box is also conserved in YSK2. YSK3 shows 45%, 43%, and 40.5% sequence identity to Sps1, PAK, and Ste20, respectively. The sequence of YSK3 is nearly identical to the corresponding region of human MST1, suggesting that YSK3 is a murine version of MST1. Clone 424 encodes a hypothetical protein kinase (YSK4) with the highest sequence similarity to the yeast MAPKKKs Ste11 (60.6% identity), Byr2 (53.7% identity), and Bck1 (50.7% identity). Clones 721 and 724 encode same protein kinase, termed MUK. The name MUK (MAP kinase upstream kinase) is based on its ability to activate JNK/SAPK in transfected cells (Hirai et al., 1996) . YSK2, YSK3, YSK4, and MUK, identi®ed in the present study, are thus believed to be the members of a family of MAPK cascade-related kinases. Clone 734 also encodes a new protein kinase whose kinase domain is most closely related to YAK1 from budding yeast, which acts as a ras suppressor (Garrett and Broach, 1989) . We call clone 734 YRK(YAK1-related kinase).
Activated Ste20 leads to the activation of the Fus3/ Kss1 subgroup of budding yeast MAPKs through the sequential activation of Ste11 and Ste7 protein kinases Figure 6 The eect of the overexpression of YSK1 on a MAP kinase, ERK1. (a) COS1 cells were co-transfected with the tagged-ERK1 expression plasmid (2 mg per 10 cm dish) together with expression plasmids for c-raf (2 mg per 10 cm dish) or YSK1 (2 mg per 10 cm dish). The amount of transfected DNA was adjusted to 4 mg per 10 cm dish with the vector DNA. After serum starvation (48 h), the cells were stimulated with EGF (30 ng/ml) for 10 min and cell lysates were prepared. The tagged-ERK1 protein was puri®ed on a Ni-NTA resin anity column. The tagged-ERK1 protein (1 mg) was incubated with reaction mixture in the presence of MBP. After 20 min incubation, the reactions were subjected to SDS-polyacrylamide gel electrophoresis and autoradiography. -GST-CREBP1 JNK1 p38 Figure 7 The eect of the overexpression of YSK1 on the stress activated MAP kinases, JNK1 and p38. (a) NIH3T3 cells were cotransfected with an expression vector for T7-tagged JNK1 together with an empty vector or an expression vector for MEKK1 or YSK1. T7-tagged JNK1 was immunoprecipitated using anti T7-tag antibody and its activity was tested by in-gel kinase assay using c-Jun as a substrate. (b) COS1 cells were cotransfected with an expression vector for HA-tagged p38 together with an empty vector or an expression vector for YSK1. To obtain a clear activation of HA-tagged p38, 0.7 M NaCl was added to the culture medium 40 min before cell harvest. HAtagged p38 was immunoprecipitated using anti-HA tag antibody and its activity was tested by solid-phase kinase assay using GST-CREBP1 as a substrate (Herskowitz, 1995) . The phenotype of homozygous Sps1 mutants is similar to that of cells with a disrupted smk1 gene, which encodes a protein with homology to MAP kinases (Friesen et al., 1994; Krisak et al., 1994) , suggesting that Sps1 and Smk1 may be components of the MAPK pathway involved in spore cell formation. The fact that YSK1 is structurally related to Sps1 and Ste20 prompted us to investigate whether YSK1 could complement null mutants for the Ste20 and Sps1 loci. Because it has been reported that the deletion of the Nterminal regulatory domain of Ste20 leads to the constitutive activation of this kinase (Ramer and Davis, 1993) , we also performed complementation experiments with a construct containing only the catalytic domain of YSK1. However, the expression of constructs containing either wild type YSK1 or Cterminal-truncated YSK1 did not complement null mutations for the Ste20 and Sps1 loci. Neither constructs containing wild type PAK nor those containing an N-terminal-deleted a-PAK could rescue these null mutants (data not shown). These results indicate that YSK1 and a-PAK are functionally dierent from Ste20 and Sps1, but it is also possible that kinases located higher in the hierarchy may be more strictly regulated than kinases in the lower portions as a way to direct precisely the direction of physiological responses. We tested whether YSK1 also works as a regulatory molecule in the MAPK pathway in mammals. However, we failed to detect any signi®cant activation of ERK, JNK/SAPK, or p38/Mpk2 by overexpression of YSK1 in COS1 cells or NIH3T3 cells (Figures 6 and  7) . Although we cannot rule out the possibility that the overexpressed YSK1 is completely inactive, the most likely explanation is that YSK1 might be involved in another MAPK pathway. The tripeptide motifs at the phosphorylation site required for activation of ERKs, JNK, and p38 are TEY, TPY, and TGY, respectively (Davis, 1994) . However, in mammals, the MAPK whose tripeptide motif is TNY which is found in Smk1, has not yet been identi®ed. From analogy with the Smk1 pathway, it is possible that YSK1 mediates an unidenti®ed MAPK pathway, such as that involving the mammalian counterpart of Smk1.
The overall structures of the Ste20-related kinases (Figure 2a ) and the dendrogram (Figure 3) suggest that the Ste20-related kinases are structurally and evolutionarily divided into two subfamilies: the Ste20 subfamily, consisting of Ste20, PAKs, Cla4, and Shk1; and the Sps1 subfamily, consisting of Sps1, YSK1, GCK, and MST1. The catalytic domains of the Ste20 subfamily members are located in the COOH-terminal regions. These kinases are all regulated by the Gprotein; Ste20 is activated by the bg subunit complex that is released from the heterotrimeric G-protein upon stimulation of the pheromone receptor (Leberer et al., 1992) . PAK is activated by the binding Rac1 and Cdc42 (Manser et al., 1994; Martin et al., 1995) . Cla4 and Shk1 also interact with Cdc42 to achieve physiological functions (Cvrckova et al., 1995; Marcus et al., 1995) . In contrast, the kinase domains of the Sps1 subfamily members are located in the NH 2 -terminal regions. The lack of the putative Cdc42/Rac1-binding domain in these kinases suggests that the Sps1 subfamily is regulated dierently from the Ste20 subfamily.
Recently, Rac1 and Cdc42 have been implicated in the activation of the JNK/SAPK and p38/Mpk2 pathways, and PAK or PAK-related kinases are thought to mediate signals from Rac1 and Cdc42 to these pathways. However, it has recently been demonstrated that GCK, which lacks the putative Cdc42/Rac1-binding domain, also speci®cally activates the SAPK signaling pathway (Pombo et al., 1995) . Although the signaling pathway in which YSK1 is involved has not yet been identi®ed, considering the fact that GCK is structurally and evolutionarily related to YSK1, YSK1 may play an important role in intracellular signaling pathways. Thus, the identification of the upstream and downstream regulatory components of the YSK1 pathway will provide new insight into the intracellular signaling pathways in mammalian cells.
Materials and methods
Design of oligonucleotide primers
We synthesized ten degenerate oligonucleotide primers based on the amino acid sequences conserved among the kinase domains of yeast STE11, BCK1, and byr2 using a Cyclone Plus DNA Synthesizer (MilliGen/Bioresearch). Reverse transcriptase-based polymerase chain reaction (RT ± PCR) Mouse brain poly(A) + RNA was isolated by the standard method (Sambrook, et al., 1989) . After denaturation at 708C for 5 min, 3 mg of poly(A) + RNA was incubated in a 50 ml reaction mixture [50 mM Tris-HCl (pH 8.3), 60 mM KCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 400 ng of oligo (dT)20 primer, 50 units of RNase inhibitor, 1 mM dNTP mix, 20 units of reverse transcriptase XL (Life Science)] for 2 h at 428C. After inactivating the reverse transcriptase by heating the reaction for 5 min at 958C, the resultant single-strand cDNA was puri®ed on a microspin column and resuspended in 30 ml of distilled water. NeSted PCR was carried out using all possible combinations of primers with 1 ml of cDNA as a template. The ®rst PCR was performed with an external pair of primers, and then the second PCR was performed using an aliquot of the ®rst PCR product as a template with two neSted primers internal to the ®rst primers, or one of the ®rst primers and a single nested primer. DNA ampli®cation was completed during 30 cycles of 1 min of denaturation at 948C, 2 min of annealing at 488C, and 3 min of extension at 728C, preceded by 3 cycles of 1 min of denaturation at 948C, 2 min of annealing at 378C, and 3 min of extension at 728C. PCR products were fractionated on a 2.5% agarose gel and those with the expected lengths were recovered into TAcloning vector (Invitrogen) and subjected to further examination.
Screening of cDNA libraries and DNA sequencing
To obtain a cDNA clone containing the full length proteincoding sequence of YSK1, cDNA libraries from mouse brain constructed in lgt10 and HeLa cells constructed in lZAPII were screened using the [g-32 P]labeled cDNA fragment from clone 403 ± 13 as a probe. Hybridization was performed as described previously (Osada et al., 1992) . The ®lters were ®nally washed with 0.16SSC (16SSC=150 mM NaCl, 15 mM sodium citrate, pH 7.0) containing 0.1% SDS for 30 min at 658C. Nested sets of deletion mutants for both strands were generated with Exonuclease III (Takara). DNA was labeled with photouorescent dideoxy-nucleotides using a Taq Dye Deoxy
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Terminator Cycle Sequence Kit (Applied BiosyStems (ABI)). DNA sequencing was performed with a model 373A DNA Sequencing System (ABI).
Construction of a phylogenetic tree
All sequences used were obtained through GenBank. Alignment of the kinase domains (subdomains I-XI) and the calculations below were carried out using the Clustal W program (Thompson et al., 1994) . With this program a phylogenetic tree was created using the neighbor-joining method (Saito and Nei, 1987) . The reliability of the tree was evaluated using a bootstrap procedure with 10 000 trials. The phylogenetic tree was viewed using the Tree Draw Deck derived from the Drawgram and Drawtree programs of the PHYLIP package (FelsenStein, 1989) .
Northern blot analysis
Total cellular RNA was extracted from various mouse tissues and cell lines by the standard method (Sambrook et al., 1989) . RNA electrophoresis, blotting onto a nylon membrane, and hybridization were performed as described before (Osada et al., 1992) . The mouse cDNA fragment (719 bp) from clone 403 was used as a hybridization probe.
The cDNA was labelled with [a-32 P]dCTP by random priming. Washing was carried out as follows: 26SSC70.1% SDS at room temperature twice for 5 min each; 26SSC70.1% SDS at 458C for 20 min; 16SSC70.1% SDS at 458C for 20 min; 0.16SSC70.1% SDS at room temperature for 20 min.
Preparation of a polyclonal antibody against YSK1
A peptide corresponding to the COOH-terminal 18 residues of YSK1, VERVQRFSHNRNHLTSTR, was synthesized. After puri®cation by high performance liquid chromatography, the peptide was coupled to keyhole limpet hemocyanin (Calbiochem), and the resultant complex was injected into a rabbit together with adjuvant three times at 2 week intervals. After immobilizing at 568C for 30 min, the antiserum was used for immunoblotting and immunoprecipitation.
Expression plasmids
An NcoI-BamHI cDNA fragment containing the entire protein-coding sequence of YSK1 was blunted and introduced into the EcoRI site of an SRD expression vector or an SRDHis expression vector. The construction of the SRDHis expression vector was previously reported (Hirai et al., 1996) . Brie¯y, the resultant expression plasmid contains the sequence MRGSHHHHHHG-MASMTGGQQMGRDLYDDDDKDRWGSELEIC at its amino-terminus. The six consecutive histidine residues facilitate puri®cation of tagged proteins on a Ni-NTA resin column. The underlined sequence indicates an epitope of 12 amino acids from the gene 10 leader peptide of T7 phage. The mammalian expression vectors for T7-tagged ERK1, JNK1 and c-raf have been described elsewhere (Hirai et al., 1996) . The expression vector for HA-tagged p38 was a kind gift from Dr J Avruch. The bacterial expression vector for GST-CREBP-1 was a kind gift from Drs T Maekawa and S Ishii.
Transfection, cell lysate preparation, and immunoblot analysis COS1 cells were routinely cultured in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). COS1 cells (1610 6 cells per 10 cm dish) were transfected with the YSK1 or tagged-YSK1 expression vectors by electroporation as described before (Osada et al., 1992) . After 60 h, the cells were scraped o, suspended in 200 ml of lysis buer [20 mM Tris-HCl (pH7.5), 0.25 M sucrose, 2 mM EDTA, 0.5 mM ethylenebis (oxyethylenenitrilo) tetraacetic acid (EGTA), 50 mM bmercaptoethanol, 0.1% (v/v) aprotinin, 2 mM phenylmethylsulfonyl¯uoride (PMSF), 100 mg/ml leupeptin, 1 mM sodium vanadate, 0.5% Triton-X 100, 25 mM NaF] and sonicated. The supernatant was recovered by centrifugation and quanti®ed with Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories). An aliquot of the supernatant (40 ml) was mixed with 10 ml of 56SDS sample loading buer (16SDS loading buer; 50 mM TrisHCl (pH 6.8), 2% SDS, 0.2% bromophenol blue, 10% glycerol, b-mercaptoethanol) and subjected to SDS-polyacrylamide gel (8%) electrophoresis. After the proteins were transferred onto a membrane and blocked in buer A [20 mM Tris-HCl (pH 7.5), 500 mM NaCl, and 0.5% (v/v) Tween 20] containing 5% skim milk at room temperature for 1 h, the membrane was incubated with 1 ml of buer A containing 5 ml of antiserum against YSK1 or preimmune serum for 1 h at 378C. The tagged-YSK1 protein was reacted with 1 ml of anti-T7 tag antibody (Novagen). Washes, treatment with the second antibody, and detection of the immunoreactive bands were carried out as reported earlier (Osada et al., 1992) . The rest of the supernatant was used for autophosphorylation.
Immunoprecipitation and autophosphorylation assay
The supernatant from COS1 cells prepared as described above was incubated with 5 ml of antiserum against YSK1 or preimmune serum bound to protein A Sepharose (Pharmacia-LKB Biotechnology) for 1 h at 48C. Immunoprecipitation of the tagged-YSK1 protein was performed as previously described (Hirai et al., 1996) . After washing three times with buer B [10 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.5% Nonidet P-40, 2 mM PMSF, 100 mg/ ml leupeptin, and 0.1% aprotinin] and once with buer C [20 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 0.5 mM EGTA, 10% glycerol, 2 mM PMSF, 100 mg/ml leupeptin, 0.1% aprotinin], the immunoprecipitates were incubated in 20 ml of assay mixture [50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 20 mM ATP, and 1 mCi [g-32 P]ATP] at 308C for 20 min. The immunoprecipitates were then mixed with 5 ml of 56SDS sample loading buer and subjected to SDS-polyacrylamide gel electrophoresis and autoradiography.
Measurement of MAP kinase activities
To evaluate the eect of YSK1 overexpression on ERK activity, COS1 cells were co-transfected with the tagged-ERK1 expression plasmid and the expression plasmids for c-raf or YSK1. Twenty-four hours after transfection, the medium was changed to DMEM containing 0.5% FCS. After 48 h of serum starvation, the cells were stimulated with EGF (30 ng/ml), and then cell lysates were prepared as described above. Tagged-ERK1 was puri®ed from the cell lysates by a Ni-NTA resin anity column, and the concentration of puri®ed tagged-ERK1 was quanti®ed. The same amount (1 mg) of tagged-ERK1 was incubated in 20 ml of assay mixture [20 mM Tris-HCl (pH 7.5), 20 mM MgCl 2 , 1 mM dithiothreitol, 50 mM ATP, and 1 mCi [g-32 P]ATP, 10 mg MBP] at 308C for 30 min. The immunoprecipitates were mixed with 5 ml of 56SDS sample loading buer, and subjected to SDS-polyacrylamide gel electrophoresis and autoradiography.
For the evaluation of JNK1 and p38 activity, NIH3T3 or COS1 cells, respectively, were transfected by the calcium phosphate co-precipitation method using 12*16 ug of DNA for 2610 6 cells grown in a 10 cm dish. The cells were further cultured for 48 h before harvest. When required, 0.7 M NaCl was added 40 min before harvest. Cells grown on 10 cm dishes were lysed in 250 ml of lysis buer containing 20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 50 mM b-glycerophosphate, 0.1 mM Na 3 VO 4 , 1% Triton X-100, 0.5% deoxicholate, 0.1% SDS, 10% glycerol, 1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin. Immunoprecipitation of the epitope-tagged enzymes was carried out at 48C for 1 h using 1 mg of mouse monoclonal antibody against the T7-epitope (Invitrogen) or mouse monoclonal antibody against the hemagglutinin (HA)-tag (Boehringer Mannheim) pre-®xed on 5 ml of protein G Sepharose 4 Fast¯ow (Pharmacia). The Sepharose resin was washed ®ve times with lysis buer and ®nally washed with detergent-free lysis buer. For in-gel kinase assay, T7-tagged JNK1 ®xed on 2 ml of protein G-Sepharose was eluted with 30 ml of SDS ± PAGE sample buer. The in-gel kinase assay for T7-tagged JNK1 was carried out as described elsewhere (Hirai et al., 1996) using bacteria-produced c-Jun as a substrate. For the solidphase kinase assay, HA-tagged p38 ®xed on 2 ml of protein G Sepharose was suspended in 20 ml of assay mix containing 20 mM HEPES, pH 7.5, 15 mM MgCl 2 , 15 mM b-glycerophosphate, 0.1 mM Na 3 VO 4 , 2 mM DTT, 25 mM ATP, 5 mCi of [g 32 P]ATP, and 1 mg of bacteria-produced GST-CREBP-1/ ATF2. The kinase reaction was carried out at 308C for 20 min and was stopped by adding 25 ml of SDS ± PAGE sample buer. GST-CREBP-1/ATF2 phosphorylation was detected on SDS ± PAGE, and the [ 32 P]incorporated was quanti®ed with an image analyser BAS2000 (Fuji).
Database accession number
The nucleotide sequence data for YSK1, YSK2, YSK3, YSK4, and YRK reported in this paper have been deposited in the DDBJ/EMBL/GenBank databases with the following accession numbers D63780, U49949, U49950, U49951, and U49952, respectively.
Note added in proof
During the reviewing of the manuscript, a novel Ste20-like kinase, SOK-1, has been reported (Pombo CM, Bonventre JV, Molnar A, Kyriakis J, Force T, EMBO J., 15, 4537 ± 4546, 1996) . The sequence of SOK-1 is essentially identical to YSK1.
Abbreviations MAPK, mitogen-activated protein kinase; RT ± PCR, reverse transcriptase-based polymerase chain reaction; SDS, sodium dodecyl sulfate; EGF, epidermal growth factor; MBP, myelin basic protein.
